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Impedance spectroscopy is a powerful non-destructive characterisation technique 
that studies the response of samples to alternating current (AC) excitations. From a 
model based analysis of the impedance measurement, information on the sample 
under test such as dielectric constant, layer thickness, and charge transport can be 
obtained. In this master thesis project, a high precision impedance analyzer from 
INPHAZE was successfully adapted and tested for impedance measurements of 
semiconductor samples. The INPHAZE impedance analyzer has a very high phase 
precision in the order of mili-degrees which has previously been employed for the 
study of self-assembled mono-layers. As a proof of principle, hydrogenated 
amorphous and microcrystalline silicon (a-Si:H and µc-Si) p-i-n diodes have been 
studied in this thesis with the adapted INPHAZE impedance analyzer.  
 
It was shown that the dynamics of mobile charge carriers in the neutral region of the 
intrinsic layer of p-i-n diode manifests as an independent time constant, which is 
larger than the time constant which represents dynamics of mobile charge carriers in 
the depletion region of the diode. As a result, the number of time constants extracted 
from the impedance spectrum of a p-i-n diode qualitatively reveals the electric-field 
profile in the intrinsic layer of the diode. It was found that the measured impedance 
spectrum of a-Si:H p-i-n diode with intrinsic layer of 250 nm at frequency range 
between 10 Hz – 100 kHz consists of only one time constant. This indicates that the 
intrinsic layer of the diode is fully depleted. In contrast, at similar range of frequency, 
the impedance spectrum of µc-Si:H p-i-n diode with intrinsic layer thickness of 1000 
nm consists of two time constants. The extra time constant found in impedance 
spectrum of µc-Si:H p-i-n diode corresponds to the region in the intrinsic layer of the 




However, there are fundamental limitations in the applicability of INPHAZE 
impedance analyzer for measurement of these silicon-based diodes at frequency 
below 1 Hz. In this range of frequency, the standard deviations of the measured 
phase angle are typically not smaller than the phase angles of impedance of the 
diodes. As a result, despite the very high phase precision of the INPHAZE 
impedance analyzer, the capacitance of these silicon-based diodes at frequency 
below 1 Hz is unable to be precisely determined.  
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Impedance spectroscopy is a powerful non-destructive characterization technique 
that studies the response of samples to alternating current (AC) excitations. From a 
modeled based analysis of the impedance measurement, information from sample 
under test, such as: dielectric constant, layer thickness, and charge transport can be 
obtained. In this master thesis project, a high precision impedance analyzer from 
INPHAZE was successfully adapted and tested for impedance measurements of 
semiconductor samples. The INPHAZE impedance analyzer has a very high phase 
precision in the order of mili-degrees which has previously been employed for the 
study of self-assembled mono-layers. As a proof of principle, hydrogenated 
amorphous and microcrystalline silicon (a-Si:H and µc-Si) p-i-n diodes have been 
studied in this thesis with the adapted INPHAZE impedance analyzer.  
 
INPHAZE impedance analyzer contains innovative algorithm which is able to extract 
phase angle of impedance more accurate compared to standard impedance 
machines. The phase angle standard deviation of INPHAZE impedance analyzer 
connected to a probe-station was slightly dependent on the sample’s resistance as 
well as on the applied AC voltage amplitude. The phase angle standard deviation 
was around 2 mili degrees tested by a standard samples which consists of parallel 
connected 100 Ohm standard resistor and 1 µF standard capacitor at measurement 
frequency of 0.1 Hz. As a consequence of this small phase angle standard deviation, 
the capacitance of standard semiconductor samples can be determined for one order 





One example of the applicability of INPHAZE impedance analyzer connected to a 
probe-station is to qualitatively reveal the electric field profile in the intrinsic layer of 
p-i-n diodes. It was shown that the number of time constants extracted from the 
impedance spectrum of a p-i-n diode qualitatively reveal the electric-field profile in the 
intrinsic layer of the diode. It was found that the measured impedance spectrum of a-
Si:H p-i-n diode with intrinsic layer of 250 nm at frequency range between 10 Hz – 
100 kHz consists of only one time constant. This indicates that the intrinsic layer of 
the diode is fully depleted. In contrast, at similar range of frequency, the impedance 
spectrum of µc-Si:H p-i-n diode with intrinsic layer thickness of 1000 nm consists of 
two time constants. The extra time constant found in impedance spectrum of µc-Si:H 
p-i-n diode corresponds to the region in the intrinsic layer of the diode where the 
electric field is negligibly small.  
 
However, there are fundamental limitations in the applicability of INPHAZE 
impedance analyzer for measurement of these thin-film silicon-based diodes at 
frequency below 1 Hz. The capacitance of a sample can be precisely determined 
only at frequencies where the standard deviations of the measured phase angles of 
impedance of the samples are significantly smaller than phase angles of impedance 
of the sample. Due to significant noise caused by recombination activities of mobile 
charge carriers, the typical standard deviations of impedance phase angles of µc-
Si:H p-i-n diodes, and especially a-Si:H p-i-n diodes at frequency below 1 Hz  are not 
smaller than the phase angle of impedance of the respective diodes. As a 
consequence, despite the very high phase precision of the INPHAZE impedance 
analyzer, the capacitance of silicon-based semiconductor diodes at frequency below 
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1.1 Principles of Impedance Spectroscopy  
 
Impedance spectroscopy is a material characterization technique which non-
destructively studies the response of samples to alternating current (AC) excitations. 
In electrical impedance spectroscopy, an alternating current (AC) is driven through a 
sample under test and the relative amplitude and phase of the alternating current 
(IAC) and voltage (VAC) are measured. Typically the AC impedance is measured for a 
wide frequency (ω) range (millihertz to megahertz), and information from the sample 
is extracted from a model-based analysis.  
 
The measured impedance of a sample can be described by the equation below: 
 
( ) ( ) ( )ϖϖϖ Φ∠== ZIVZ ACAC /*
.     
(1.1) 
where |Z(ω)| is the ratio of amplitude between voltage amplitude and current 
amplitude, and, Φ (ω) the phase shift between current and voltage signal. 
 
1.1.1 Data Representations of Impedance Measurements 
 
Data obtained from impedance measurements can be represented in various forms. 
The measured impedance data can be plotted [1] either in the form of:  
• Bode – Bode plot which consists of real part of the impedance [Re (Z)] as 
function of frequency and imaginary part of the impedance [Im (Z)] as 
function of frequency. 
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• A plot which consists of magnitude of impedance (|Z|) as function of 
frequency and phase angle of the impedance (Φ) as function of 
frequency. 
• Nyquist plot, a plot of real part of the impedance [Re (Z)] versus imaginary 
part of the impedance [Im (Z)].  
 
Other than by the forms mentioned above, data obtained from impedance 
measurements also can be represented by a plot which consists of capacitance and 
conductance as function of frequency. The electrical properties of a material are 
described by its complex dielectric constant (ε*). As a result, data presented by this 
form is often the preferred data representation for impedance measurement of a 
sample since it is directly related to the electrical properties of a material. The real 
part of the sample’s complex dielectric constant (ε*) is equal to the sample’s dielectric 
constant (ε’) and is related to the sample’s capacitance (C); the imaginary part of the 
sample’s complex dielectric constant (ε*) is related to the sample’s conductivity (σ) 
and to the sample’s conductance (G) by the equation: 
 
ε* A/d = ε’ A/d + ε’’ A/d   ->   ε* A/d = ε’ A/d + j σ/ ω A/d   ->   C* = C + j G/ ω.   (1.2) 
 
where A is the sample area, d is sample length and C* is complex capacitance of the 
sample. The C* and thus resistance and conductance of a sample at a particular 
frequency can be extracted from the sample’s impedance obtained from an 
impedance measurement by the equation as follow:  
 
( ) ( )[ ] ( ) ( )[ ] ( ) ( )[ ]ϖϖωϖϖωϖωϖ GCjCCjCjZ −=+== /1'''(/1*/1*  (1.3) 
1.1.2 Basic Properties of Nyquist Plot and the Concept of 




The electrical properties of materials which possess dielectric constant, such as: real 
insulators and real semiconductors are generally represented by equivalent circuits 
consisting of a capacitor in parallel with a resistor. The capacitor represents the 
materials’ dielectric constant and the resistor represents the materials’ conductivity. 
Real insulators and semiconductors are, however, often found to contain polar and 
non-polar components. Thus, their resistances and capacitances are often found to 
be frequency dependent.  
 
Due to its simplicity, the Nyquist plot obtained from a sample which consists of a 
metal layer in contact with an ideal non-polar dielectric layer shown in Fig 1.1 can be 
used as starting point for describing the basics of a Nyquist plot. In contrast to an 
ideal polar dielectric material which is defined as consisting only of permanent dipole, 
an ideal non-polar dielectric material does not have permanent dipole moment. As a 
result, while an ideal polar dielectric material is purely capacitive and does not have 
any dipole relaxation time constant, an ideal non-polar dielectric material have a 
dipole relaxation time constant. The magnitude of this dipole relaxation time constant 
is equal to the product of the resistance and the capacitance of the material.  
 
The presence of an ideal non-polar dielectric layer, which the equivalent circuit is a 
resistor Rp in parallel with a capacitor C, is marked by the presence of a semicircle of 
time constant τm in the Nyquist plot. On the other hand, the contribution of the series 
resistance (Rs) from the metal layer is observed at the upper frequency range of the 
Nyquist plot where the semicircle has crosses the X-axis and Z’’ goes to zero as 
frequency is increased. From this plot, basic properties of Nyquist plots can be 
deduced. The basic properties of Nyquist plots are as follows: (i) the value of Rs can 
be obtained from the plot since it is equal to the value of Z’ at the onset of the 
semicircle, (ii) the value of Rp can be obtained from the plot since it is always equal to 
the value of Z’ at the point at low frequency where the semicircle starts to emerge, 
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(iii) the maximum value of the imaginary part of impedance (Z’’m) of this semicircle is 
always located at the frequency of ωm, which correspond to the layer’s time constant 
τm and to the layer’s resistance and capacitance by: 
 
11 )( −− == CRpmm τω  .  (1.4) 
 
Figure 1.1 The equivalent circuit model (a) and resulting Nyquist plot (b) of a sample 
which consists of a conductive (metal) layer in contact with a dielectric layer. Rs is 
metal’s resistance; Rp is semiconductor’s resistance; C is semiconductor’s 
capacitance. The arrow indicates the direction of increasing frequency ω. 
 
Note that τm = Rp X C is also equal to ε’ / σ, hence τm is independent on the 
geometrical dimension of the ideal non-polar dielectric layer. 
 
Replacement of the ideal capacitor (C) by a non-ideal frequency dependent capacitor 
constant phase element (CPE) model leads to a depressed semicircle (see Figure 
1.2 (a) and (b)) compared to the semicircle in Fig. 1.1 (b). The constant phase 
element (CPE) is often used to model a dynamical process which has distributed 
time constant τ peaked around its mean value 1−= mm ωτ . The semicircle’s depression 
angle α is proportional to the width of time constant distribution. The impedance of 
the CPE, given by Equation 1.5, is characterized by two values, T and P. T is a 
constant which is proportional to the magnitude of the capacitance induced by CPE. 
On the other hand, P is a dimensionless parameter with a value between zero and 
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unity; P value of one represent a pure capacitor, P value of zero represent a pure 
resistor. The real part of ZCPE is resistive and the resistance increase with decrease 
of frequency proportional to ω–P; the imaginary part is capacitive and the capacitance 
value increases with decreasing frequency proportional to ω –(1-P). 
 
))((1 PCPE iTZ ω=   (1.5) 
 
Figure 1.2 The equivalent circuit model (a) and resulting Nyquist plot (b) of a sample 
which consists of a conductive (metal) layer in contact with a dielectric layer. Rs is 
metal’s resistance; Rp is semiconductor’s resistance; CPE is semiconductor’s 
frequency dependent capacitance and α represents the semicircle’s depression 
angle. 
 
1.2 Impedance Characteristics of Samples Containing Two 
or More Time Constants  
1.2.1 Relationship between Samples Time Constants and 
their Nyquist Plots  
 
As has been described in the Section 1.1, a sample which consists of a layer of ideal 
non-polar dielectric material is represented by one semicircle in its Nyquist plot. In 
this section, the condition where the samples contain more than one time constant is 
discussed. To illustrate the properties of Nyquist plot of a sample containing more 
than one time constant, an example is drawn from a sample which consists of three 
stacked ideal non-polar dielectric layers. The Nyquist plot of this three time constants 
sample contains three semicircles, each associated with the dielectric relaxation time 
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of one particular layer in the sample. The equivalent circuit of this three-time 
constants sample is shown in Figure 1.3. It consists of three parallel connected 
capacitor and resistor pairs connected in series (R1//C1 + R2//C2 + R3//C3). The 
electrical properties of layer 1 are represented by R1 in parallel with C, the electrical 
properties of layer 2 are represented by R2 in parallel with C2, and the electrical 
properties of layer 3 are represented by R3 in parallel with C3. 
  
 
Figure 1.3 The equivalent circuit of a three layer structure. 
 
 
Figure 1.4 Nyquist plot of thin film structures represented by Figure 1-3 (assumed 
that τ1= R1 x C1 > τ2= R2 x C2 > τ3= R3 x C3). 
 
The general rule of the semicircles ordering for this three dielectric layer sample is as 
follows: the semicircle which associated with a layer which has larger time constant 
value (τ = R x C = ε’ / σ) value is always observed at the lower frequency of the 
Nyquist plot. For example, the corresponding Nyquist plot of a sample which consists 
of three dielectric layers of different time constants, τ1, τ2, τ3, where τ1= R1 x C1 > τ1= 
R2 x C2 > τ1= R3 x C3 shown in Fig. 1.3, is translated into an arrangement of 
semicircles as follows (see Figure 1.4); the τ1 semicircle appears at the low frequency 
  R1   R2   R3 
  C1   C2   C 3 
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range of the Nyquist plot, followed by the τ2 semicircle at mid-frequency range, and, 
finally by the τ3 semicircle at the high frequency range.  
 
1.2.2 Relationship between Various Representations of 
Multilayer Dielectric Impedance Data 
 
The impedance spectrum of samples containing two (or more) time constants, where 
the time constants are different, also can be represented by other types of plots 
previously mentioned in Section 1.1.1. However, in order to obtain these plots, the 
conductance and capacitance of the sample has to be determined first. The 
conductance and capacitance of a sample containing two (or more) time constants 
can be built based on the properties of addition of two (or more) complex 
capacitances in series, which is described as follows:  1/Ctot*(ω) = 1/C1*(ω)  + 
1/C2*(ω). In this formula, C1* (ω) is the complex capacitance associated with the first 
time constant and C2*(ω) is the complex capacitance associated with the second 
time constant. After the complex capacitance of the sample is obtained, then, based 
on Equation 1.2, the resistance and capacitance of the samples are extracted. 
 
The impedance of a sample containing two (or more) time constants can be 
extracted from the sample’s resistance and capacitance at that frequency by 
performing transformation based on Eq. 1.6 - 1.8. As illustrated in Figure 1.5, these 
transformation formulas are developed based on translation from the universal 
equivalent circuit representation for any samples which possess dielectric constants 
to impedance phase diagram representation of the circuits. These transformation 
formulas, which are derived based on Equation 1.3, are as follows:  
• Φ (ω) = - tan -1 (R (ω) C(ω) ω)    (1.6) 
• Re (Z (ω) ) = R(ω) / 1 + tan2 Φ (ω)   (1.7) 






Figure 1.5 Equivalent circuit representation of a sample in the form of R (ω) – C(ω) 
(left). Phase diagram representation of conversion between R (ω) – C(ω) pairs to Re 
[Z(ω)] - Im [Z(ω)] (right). 
 
In order to illustrate the difference between samples containing two time constants 
and a sample containing only one time constant, the magnitude of impedance, phase 
angle of impedance, capacitance and conductance spectrum of circuits with different 
ratios of the first time constants to the second time constants and a circuit containing 
only one time constant are depicted in Figure 1.6. 
 
It can be observed from the Nyquist plot in Figure 1.6 that the distinction between the 
two semicircles become less clear when the magnitude of the first time constant 
approach the magnitude of the second time constant. However, it also can be 
observed from Figure 1.6 that the impedance spectrum of samples containing two 
dielectric layers can be differentiated from impedance spectrum of a sample 
containing only one dielectric layer, which is marked by the dashed line in the graph, 
not only from the Nyquist plot of the sample but also from the plots of capacitance, 
conductance, phase angle and magnitude of impedance versus frequency of the two 
time constants’ sample. The plots of these variables in the two time constants’ 
samples contain a specific transition region which is not found in the plots of capaci 
tance, conductance, phase angle and magnitude of impedance versus frequency of a 








1.2.3 Fitting of the Measured Impedance Spectrum 
 
In order to extract information related to a sample’s electrical properties, the sample’s 
electrical impedance response should be fitted to the electrical impedance response 
of a proposed equivalent circuit model of the sample. The fitting process consists of 
two steps: (i) selection of a simple but correct equivalent circuit, which may include 
several resistances, capacitances, and, constant phase elements (CPE), and, (ii) 
accurate determination of each of these circuit elements’ magnitude by a computer-
assisted fitting process. The selected model should be as simple as possible but 
correct so that it is able to produce excellent fit to the experimental impedance 
spectrum in every representation of impedance measurement data described in 
Section 1.1.1. In this thesis, the fitting curve was conducted in Mathematica® [2].  
1.3 Low Frequency Capacitance Measurement of 
Semiconductors 
 
As described in Section 1.1, the two variables which are measured by impedance 
spectrometer are the magnitude |Z| and the phase angle (Φ) of the impedance of the 
sample. Both these variables suffer from experimental uncertainties which should be 
taken into account when analyzing the data. In particular, it will be shown that for the 
case of semiconductor samples, the experimental uncertainty in the phase angle may 
result in unacceptably high errors in the low frequency capacitance of the samples. 
However, it will be shown also that low frequency capacitance of semiconductors can 
still be extracted precisely if the semiconductors’ capacitance increases 




1.3.1 Theoretical Formulation of Low Frequency Capacitance 
Error in Semiconductors due to Inaccuracy in Phase 
Angle Measurement  
 
As described in Eq. 1.6, there is tangential relationship between the phase angle of 
impedance and the product of the resistance, the capacitance, and the frequency of 
measurement. As a result, the phase angle of a sample is determined by the 
electrical conductivity. Since the electrical conductivity of an insulator is very small, 
the typical phase angle of the impedance of insulators is approximately 90 degrees 
for all frequencies. On the other hand, conductivity of semiconductors can be more 
than ten orders of magnitude larger than the conductivities of insulator materials [3]. 
As a result, for samples with similar dimensions the resistance of the semiconductor 
samples is more than ten orders of magnitude smaller compared to the insulator 
materials. Since the dielectric constants of semiconductors are generally not much 
different or even lower than those of insulators, the phase angle of impedance of 
semiconductor samples generally changes significantly with frequency. The phase 
angle of semiconductor materials decreases from close to 90 degrees at high 
frequency to their low frequency limits, which is zero degree, as the frequency of 
measurement is lowered.  
 
Now consider the situation when the semiconductor is measured at frequency which 
is much lower compared to the product of the semiconductor’s resistance and 
capacitance (ω << R x C), and, at the same time, there are measurement 
uncertainties in the impedance measurement on the sample. In such condition, the 
semiconductor’s phase angle of impedance reaches the magnitude of less than one 
degree (Φ < 1 degree). In this low-frequency range, it can be deducted from the 
phase diagram shown on the right hand side of Figure 1.5 that Im (Z) ≈ 0 and Re (Z) 
≈ |Z| ≈ R. Also, since in this low-frequency range the |Z| ≈ R, the errors in the 
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measured |Z| largely determine the error of the semiconductor sample’s resistance 
only.  
 
Assuming that |Z|, and hence R, can be precisely measured, while the measured 
phase angle contains error, the measured phase angle can be described by:  Φ ± 
∆Φ, where ± ∆Φ is the inaccuracy of the measured phase angle relative to the 
sample’s phase angle true value (Φ). ∆Φ is specific to the impedance machine used 
for measurement, and, in some cases to the sample’s noise characteristics and the 
measurement environment. Since tan Φ ≈ Φ for Φ ≈ 0, the relationship between 
inaccuracies in phase angle measurement of a semiconductor sample and 
inaccuracies of the determination of semiconductor sample’s capacitance can be 
described as follows:  
 
Φ (ω) =-(R C ω)  -> C = Φ (ω) / R ω ->   
(C± ∆C = Φ (ω) ± ∆Φ) / R ω  ->  ∆C = ∆Φ / R ω    (1.9) 
 
In overall, it can be derived that:  
 
∆C (ω)/C  = ∆Φ (ω) / Φ (ω) = ∆Φ (ω) / (RC ω).    (1.10) 
 
Equation 1.10 is the key formula which determines the precision of a capacitance 
measurement of semiconductor sample presented in the logarithmic scale. Since 
logarithmic scale is the standard data representation format for a sample’s 
capacitance data obtained from impedance measurements, this equation indicates 
that the uncertainty in the determination of a semiconductor sample capacitance 
starts to occur at a low frequency where the error in phase angle measurement (∆Φ) 
become comparable to the real value of the phase angle of the semiconductor 




In order to illustrate the importance of phase angle precision in the measurement of 
semiconductor sample impedance at low frequency, the phase angle and 
capacitance of a semiconductor sample with resistance and capacitance of 100 Ohm 
and 100 nF respectively is plotted as function of frequency together with the sample’s 
phase angle error bars (∆Φ) and the sample’s capacitance error bars (∆C). In this 
case, the phase angle measurement error is set to ∆Φ = 1 mili degree in Figure 1.7 
(a), and, ∆Φ = 5 mili degree in Figure 1.7 (b). It can be observed from the logarithmic 
of capacitance plots of the both samples that the increases of ∆Φ from 1 mili degrees 
to 5 mili degrees results in the increase of the lower limit of frequency where precise 
capacitance still able to be obtained from around 0.3 Hz for ∆Φ = 1 mili degree to 
around 2 Hz for ∆Φ = 5 mili degree.  
1.3.2 Criteria for Precise Determination of Semiconductors’ 
Capacitance at Low Frequency 
 
As described in the previous section, there is always a low frequency limit at which 
the capacitance of ideal semiconductors can be determined precisely. However, it 
will be shown in this section that precise determination of low frequency capacitance 
of semiconductors is possible if the capacitance (and resistance) of the sample 
increases tremendously with decreasing frequency. This tremendous increase of 
capacitance (and resistance) is possible if the semiconductor contains a large time 
constant polarizing element.  
 
The criteria for precise determination of capacitance at low frequency for a 
semiconductor samples containing a large time constant polarizing element are 
described in Equation 1.11, which is modification of Equation 1.10. Since this 
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Figure 1.7 [(a) – (b)] Example of phase angle - frequency, and, linear and logarithmic plot of capacitance - frequency data for a 
circuit without low frequency polarization element. [(c) – (d)] Example of phase angle - frequency, and, linear and logarithmic plot of 




sufficiently low frequency, the resistance (R) and capacitance (C) of the 
semiconductor sample now are a function of frequency, and is described as follows: 
 
∆C/C(ω) = ∆Φ / Φ (ω) = ∆Φ  / (R(ω)C(ω) ω).   (1.11) 
 
Thus, in this case, the precision of the capacitance at low frequency can still be 
obtained only if the C(ω) (and R(ω)) at lower region of frequency increases 
significantly with decreasing frequency so that ∆Φ / Φ(ω) can be kept small.  
 
Examples of the occurrence of phase angle increase in semiconductors are shown in 
the Figure 1.7 (c) and (d) where the conductive dielectric layer of 100 nF // 100 Ohm 
is in series with a larger time constant element, which is: (i) 500 F // 1 kOhm in Figure 
1.8 (c), and, (ii) 1F // 1 kOhm in Figure 1.7 (d). In both cases, the phase angle of 
impedance measurement error (∆Φ) is set to 1 mili degree.   
 
It can be observed from Figure 1.7 (c) that the large error in the circuit’s capacitance 
presented in logarithmic scale occurs at a certain region in low frequency. This large 
error is due to the gradient of the capacitance increase is not large enough to keep Φ 
(ω) significantly larger than ∆Φ. The case when low frequency capacitance of 
semiconductors presented in logarithmic scale can be precisely determined without 
any uncertainties at certain low frequencies is presented in Figure 1.7 (d). While the 
time constant of the high frequency polarizing elements between the two circuits are 
similar (100 nF // 100 Ohm), the time constant of the low frequency polarizing 
element is smaller for the circuit in Figure 1.7 (d) than for the circuit in Figure 1.7 (c). 
As a result, the gradient of the phase angle increase and the gradient of capacitance 
increase for the circuit in Figure 1.7 (d) is much larger compared to the circuit in 
Figure 1.7 (c). Since, in this case, ∆Φ is always smaller than Φ (ω), the capacitance 




Possible sources of low frequency polarizing elements in semiconductors are 
discussed in Section 1.4.3. 
 
1.4 Impedance Measurement for Analyzing Silicon-Based p-
i-n Diodes  
1.4.1 Characterization of Intrinsic Layer of Silicon-Based p-i-n 
Diodes 
 
Depending on its thickness, the intrinsic layer of a p-i-n diode can fully or partially 
consist of depletion regions. Depletion region is a region in semiconductor diodes 
where the mobile charge carriers have been forced away by an electric field. The 
only elements left in the depletion region are static ionized donor and acceptor 
impurities [4]. If the intrinsic layer of the p-i-n diode is sufficiently thin, the strong 
electric field causes the entire intrinsic region of the diode to be depleted of free 
carriers. On the other hand, if the intrinsic layer thickness of the diode is increased to 
a certain threshold value, a nearly neutral electric field-free region exists in the 
middle of the intrinsic layer of the p-i-n diode. Experimentally, the existence of this 
nearly electric field-free region has been observed in a-Si:H p-i-n solar cell diode with 
intrinsic layer thickness of 800 nm [5] and in µc-Si:H p-i-n solar cell diode with 
intrinsic layer thickness of 1000 nm [6].  
 
In order to illustrate the relationship between intrinsic layer thicknesses of a p-i-n 
diode and its electrical potential profile, a computer simulation was conducted on two 
p-i-n diodes with intrinsic layer thickness of 250 nm and 1000 nm. Afors-Het software 
[7] was chosen for this simulation due to its availability of realistic effective density of 
states model for a-Si:H. The simulated band diagram of a-Si:H p-i-n diode with 
intrinsic layer thickness of 250 nm and 1000 nm at zero DC voltage are shown on 
Figure 1.8. The symbol Vbi0 in Figure 1.8 represents electrical potential difference 
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between the p and n layer of the diode. The electrical potential of valence band, 
conduction band, and, Fermi Level of the diodes are marked by Ev, Ec, and, Ef 
respectively.  
 
Figure 1.8 Top: Simulated band diagram of a-Si:H p-i-n diode with intrinsic layer 
thickness of 1000 nm at zero DC bias condition. Bottom: Simulated band diagram of 
a-Si:H p-i-n diode with intrinsic layer thickness of 250 nm at zero DC bias condition. 
 
It can be observed from the figure on left hand side of Figure 1.8 that the electrical 
potential in the intrinsic layer of a-Si:H p-i-n diode with intrinsic layer thickness of 250 
nm uniformly decreases from p layer to n layer with large gradient. Since the 
magnitude of electric field is proportional to the gradient of electrical potential 
between adjacent points, this indicates that the entire intrinsic layer of the diode is 
depleted. On the other hand, it can be observed from the graph on right hand side of 
Figure 1.8 that the electrical potential profile in the intrinsic layer of a-Si:H p-i-n diode 
with intrinsic layer thickness of 1000 nm is not uniform. The existence of a region with 
small gradient of electrical potential in between regions with large gradient of 
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electrical potential indicates that the diode consists of a nearly electric field-free 
region sandwiched between two separate depletion regions.  
 
Apart from influenced by the intrinsic layer thickness, the electric field inside intrinsic 
layer of a p-i-n diode is also influenced by the applied forward bias to the diode. To 
illustrate this point, the band diagram of a-Si:H p-i-n diodes with an intrinsic layer 
thickness of 250 nm and 1000 nm under forward DC bias of 0.7 V obtained from 
simulation using Afors-Het software is shown in Figure 1.9. The electrical potential 
difference between p and n layer of the diodes are marked by Vbi.  
 
Figure 1.9 Top: Simulated band diagram of a-Si:H p-i-n diode with intrinsic layer 
thickness of 250 nm at forward DC bias of 0.7 V. Bottom: Simulated band diagram of 
a-Si:H p-i-n diode with intrinsic layer thickness of 1000 nm at forward DC bias of 0.7 V.  
 
It can be observed from Fig. 1.9 that application of a forward DC voltage bias smaller 
than Vbi0 of the diodes result in the decrease of electrical potential difference between 
p and n layer, and hence in the strength of electric field in the intrinsic layer of the 
diode, compared to at zero DC bias. Moreover, for p-i-n diode with intrinsic layer 
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thickness of 1000 nm, the depletion region of the diode become thinner and the 
neutral electric field region of the diode widens with this application of small forward 
DC bias 
 
As discussed in Section 1.2.1, it is definitely possible to determine the thickness of 
each layer in multi-layer non-polar ideal dielectric samples at DC bias voltage near 
zero because each time constant in the sample directly represents the dielectric 
relaxation time of one particular layer. However, this may not be the case for 
depletion region of semiconductor p-i-n diodes. Depletion region of p-i-n diodes 
merely consists of static charges. As a consequence, it is a permanently polarized 
region with no relaxation time constant. Thus, according to consensus in literature [8-
10], except at very high frequency where this capacitance becomes short-circuit and 
the series resistance of the diode becomes active; the capacitance of depletion 
region is active in all measurement frequencies. However, a p-i-n diode is a complex 
multi-phase system, which is characterized not only by the presence of depletion 
capacitance; but also, by the presence of diffusion capacitance. This diffusion 
capacitance is due to the relaxation of temporary dipole of mobile charge carriers in 
the p-i-n diode. Thus, this capacitance is noticeably present and added to the 
depletion capacitance whenever the diode is not biased by at sufficiently high reverse 
bias and whenever the frequency of measurement is slower than the relaxation time 
constant of the mobile charge carriers. However, the working range of impedance 
measurement systems is often limited to relatively low frequency and low DC bias. In 
addition, series resistance often dominates the impedance spectrum of 
semiconductor diodes at very high frequency. As a result of these limitations, 
exclusive determination of depletion capacitance in silicon-based p-i-n diode 
measurement system may not be always feasible.  
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As a consequence of the inseparability between depletion capacitance and diffusion 
capacitance in normal measurement condition, the focus of investigation of this 
project is more on to revealing the existence of a nearly electric field-free region in p-
i-n diode with two different intrinsic layer thicknesses by counting the number of time 
constant in the diodes. While the extracted resistances and capacitances from the 
impedance spectrum of the diodes may not have very physical meaning, the 
relaxation time of mobile charge carriers in the electric-field free region of a diode is 
predicted to be slower than in the depletion region. As a consequence, it is expected 
that dynamics of mobile charge carriers in the neutral region of the intrinsic layer of p-
i-n diode manifests as an independent time constant, which is larger than the time 
constant which represents dynamics of mobile charge carriers in the depletion region 
of the diode. In addition, it has been shown earlier in this section that, exclusively for 
p-i-n diode which has a electric field-free region at zero volt of DC bias, the depletion 
region of this diode shrink with application of a slightly higher forward DC bias. Thus, 
in order to validate and strengthen the final conclusion, the sensitivity of the 
impedance spectra of the p-i-n diodes with different intrinsic layer thickness to small 
increase of forward DC bias is also compared to each other. 
 
1.4.2 Potential Sources of Low Frequency Polarizing 
Elements in Silicon Based p-i-n Diodes 
 
To the best of the author’s knowledge, there is no experimental report to date on the 
capacitance measurements at frequencies below 10 Hz for an a-Si:H p-i-n diode [11]. 
However, in 2009, Prof. Hans Coster reported that the capacitance of  crystalline 
silicon-on-glass p-n solar cell diode increases tremendously with decreasing 
frequency [12]. As a result, it is also possible that the capacitance of a-Si:H and a µc-
Si:H p-i-n diodes increases significantly at frequency below 10 Hz due to the 
significant presence of low frequency polarizing elements in these materials. The 
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possible sources of low frequency polarizing elements in a-Si:H and µc-Si:H p-i-n 
diodes are:  
 
• The presence of deep trapping and de-trapping of electrons (or holes) in the 
p-i-n diodes. Experimentally, this behavior has not been observed in silicon p-
i-n diodes. However, Proskuryakov, Y.Y., et al [10] reported a peak in the 
capacitance spectra of polycrystalline CdTe/CdS p-n junction solar cell at 
measurement frequency of around 1 Hz, which the authors of the paper 
argued that the origin of the peak were attributed from the above phenomena. 
It is well known that there is considerable concentration of charged dangling 
bonds defects in a-Si:H and µc-Si:H materials (around 1015 - 1016 cm-3 [14])  
which are capable to act as trapping centers for electrons and holes. As a 
result, it is also possible that this deep trapping and de-trapping of electrons 
(or holes) with relaxation time in order of few seconds could be detected in a-
Si:H and µc-Si:H p-i-n diodes by using a high resolution impedance 
spectrometer.  
 
• The diffusion of low mobility elements in the a-Si:H and µc-Si:H p-i-n diodes. 
Experimentally, increase in capacitance at low frequency has been reported 
in several insulators (capacitors). For example, in the Ta2O5 [15] metal – 
insulator – metal capacitor, where the capacitance increase was related to 
the migration of oxygen vacancies. While, in a-BaTiO3:H capacitor [16], the 
capacitance increase was related to the migration of charged hydrogen 
species. This phenomenon may occur in a-Si:H and µc-Si:H as well since the 
materials contain significant concentration of low mobility elements, such as 
charged vacancies and free ions. For example, it has been reported that free 
atomic hydrogen with concentration of around 10 - 20 % of atomic density of 
a-Si:H [17] diffuses in a-Si:H as charged species [18] with a diffusivity of 10-7 
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cm2 s-1, which is significantly lower than diffusivity of holes in intrinsic a-Si:H, 
which is around 0.1 cm2 s-1[14]. 
 
Low frequency capacitance measurements of silicon-based p-i-n diodes and 
interpretation of the sources of low frequency polarizing elements in these diodes, if 
they exist, is fundamentally interesting and may have potential application for 
characterization of p-i-n diodes as electronic devices.  
1.5 Research Objective and Outline of the Thesis 
 
The research objective and outline of this thesis are as follows: 
• Chapter 2 contains an introduction to a state-of-the-art high precision 
impedance analyzer from INPHAZE. In addition, an example of the machine’s 
applications: structural characterization of two-dimensional self-assembled 
monolayers, is presented.  
 
• Chapter 3 describes the adaptation and performance testing of INPHAZE 
impedance analyzer for measurements of semiconductor samples. 
Performance testing of the impedance machine was conducted by 
determining phase angle standard deviations of several standard circuits 
measured at two small-signal AC voltage amplitudes (10 mV and 30 mV). In 
addition, the theory of low frequency capacitance’s precision for 
semiconductor materials presented in Section 1.3.2 is validated. 
 
• Chapter 4 contains a case study, impedance measurement of hydrogenated 
amorphous silicon (a-Si:H) and hydrogenated microcrystalline silicon (µc-
Si:H) p-i-n solar cell diode samples. In that Chapter, the potential applications 
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of impedance spectroscopy for characterization of a-Si:H and µc-Si:H p-i-n 
diode are explored by measuring the impedances the samples both at low 
frequency (>10 Hz)  and normal frequency range (10 Hz – 100 kHz). 
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2.  Introduction to Impedance Analyzer from 
INPHAZE 
2.1 Brief History of INPHAZE Impedance Analyzer 
 
INPHAZE impedance analyzer is a high precision impedance characterization 
equipment which was originally developed by Prof. Hans Coster’s research team at 
the University of New South Wales in Australia. The history of INPHAZE impedance 
analyzer begins in 1970’s to analyze transport properties of biological membranes 
[19]. For such systems, it was frequently observed that the reactive component of 
the membrane impedance becomes very large in comparison with the total 
impedance at low AC frequencies; hence, the phase angle of impedance in this 
frequency range is therefore small. As a result, accurate determination of 
capacitance at low AC frequencies is only possible if the phase angle can be 
precisely determined. However, since the applied AC voltage to the cell membrane 
should be lower compared to the resting potential of the cell (typically 60-80 mV in 
animal cells, 120-180 mV in plant cells), the noise level of the received signal is often 
high and deteriorates the precision of the measurement.  
 
In order to overcome this problem, Hans Coster’s and his team developed an 
innovative algorithm that is able to extract small phase angle shift more accurately 
compared to standard impedance machines. At first, the novel impedance analyzer 
was able to achieve a phase angle resolution of 10 mili degree. With further 
optimization, the commercialized version of the machine, which is the INPHAZE 
impedance analyzer, is able to reach a phase angle resolution of one milli degree 
[20]. In comparison, phase angle resolutions of other commercial impedance 
spectrometers are typically one degree in the low frequency range [21, 22].   
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2.2 Applications of the INPAHZE Impedance Analyzer 
 
The INPHAZE impedance spectrometer has been extensively used for impedance 
analysis of biological cells, and reverse osmosis membranes [23]. One of the 
INPHAZE impedance spectrometer’s applications is for characterizing self-
assembled monolayers on a two dimensional substrate. Self-assembled monolayers 
(SAM) on a two-dimensional substrate are films which consist of two-dimensional 
arrays of carbon chain-molecules covalently assembled at a two dimensional 
substrate. In the two-dimensional SAM, the number of carbon atoms and hence the 
thickness of the film can be controlled on atomic level. Moreover, various types of 
functional group can be attached at the end of the carbon chain. Illustrations of two-
dimensional SAM are depicted in Figure 2.1 and in Figure 2.2. For these systems, 
the measurement is conducted in a three-terminal electrodes configuration (see 
Figure 2.2), in which the first electrode is in contact with the substrate of the sample, 
while the second electrode is in contact with an electrically conducting liquid solution 
which is in contact with the two-dimensional SAM layer.  
 
Due to its very high phase angle precision, the INPAHZE impedance spectrometer is 
able to detect both the number of carbon atoms (i.e., the length of carbon chain) and 
the presence of terminating functional groups in a two-dimensional SAM. The 
detection of two-dimensional SAM’s chain length is based on the inverse 
dependence of a layer’s dielectric capacitance to its thickness. In this case, as shown 
in Figure 2.1, a machine with very high phase angle precision is required since the 
addition of an atom only induces a very small change to the two-dimensional SAM’s 
capacitance. Example of the usage of INPHAZE impedance spectrometer for 
detecting the presence of a particular functional group in a two-dimensional SAM is 





Figure 2.1 (Top): Self-assembled monolayers which consist of alkane chains of 
various lengths. (Bottom): Relationship between chain length of the SAM, thickness 
of the film, and capacitance at 0.558 Hz. 
 
 
Figure 2.2 (Upper Left): Structure and equivalent circuit model of a self-assembled 
monolayer, which consists of carbon chains and a functionalized group.  (Lower Left): 
Schematic of three-terminal configuration. (Right): Capacitance and conductance 





cessary since the addition a terminating functional group induces a very small 
change in both of the two-dimensional SAM’s low frequency capacitance and the 
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3. The Application of INPHAZE Impedance 




As has been discussed in Chapter 2, the INPHAZE impedance analyzer has 
previously been used to study several biological and membrane systems, as well as 
for characterizing SAMs. In this chapter, the INPHAZE impedance analyzer will be 
used for the measurement of semiconductor structures such as diodes. For this 
purpose the INPHAZE impedance analyzer was connected to a home-built probe-
station. Also, since semiconductor multi-layer structures such as diodes have non-
linear current-voltage characteristics, the AC amplitude of the signal passed to 
sample has to be set sufficiently small to prevent measurement-induced biasing of 
the junction. In these experiments, the amplitude of the AC voltage is set to 30 mV, 
the level which is commonly used for the measurement of semiconductor junctions. 
Measurements will be presented on equivalent circuits that represent typical 
semiconductor samples.  
3.2 Schematic and Calibration of the INPHAZE Impedance 
Analyzer 
 
3.2.1 Schematic of the INPHAZE Impedance Analyzer 
 
The schematic of the INPHAZE impedance analyzer system is shown in Figure 3.1. 
The system consists of a signal generator unit, an amplifier unit which contains a 
standard circuit, and is connected to a personal computer via a universal serial bus 
(USB) connection. The measurement process is as follows: the signal generator 
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passes a voltage signal to the amplifier unit, which then passes the signal to the 
standard circuit and to the sample. The amplifier unit then measures the response 
AC signal of the sample and the standard circuit. The software controls the AC 
amplitude and DC bias of the signal passed to the standard circuit and the sample, 
and receives signal from standard circuit and the sample from which the sample’s 
impedance can be determined. The amplifier board and signal generator unit of 
INPHAZE are shown in Figure 3.2.  






































Figure 3.1 Schematic of the INPHAZE system. 
 
 




An accurate impedance measurement can be obtained only if the impedance of the 
cables is negligible compared to the impedance of the samples. As a result, an 
accurate impedance measurement of samples can be done either in two-terminal 
configuration, three-terminal configuration, or four-terminal configuration depending 
on the samples’ characteristics. These three different configurations to perform 
impedance measurement on samples are illustrated in Figure 3.3 and are explained 
in the next paragraph.  
 
 
Figure 3.3 Three different configurations to perform impedance measurement on 
samples; (a), two-terminal configuration; (b), three-terminal configuration; (c), four-
terminal configuration.  
 
The two-terminal configuration is used mainly for measurements of high impedance 
samples where the impedance of the cable is not significant compared to the 
impedance of the samples. On the other hand, three-terminal configuration is often 
used for general electrochemical tests involving solid film samples in contact with 
liquids. In three-terminal measurement configuration, the purpose of separating 
current electrode which is in contact with the liquid from the voltage electrode is to 
ensure that the voltage drop measured by the instrument is entirely the voltage drop 
in the film. This application of this technique is briefly discussed in Chapter 2. Four-
terminal measurement configuration is often used for impedance measurement of 
low impedance samples. By using this technique, it is fully ensured that the voltage 
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drop measured by the instrument does not include the voltage drops in the cables. 
As a consequence, impedance of low impedance samples can be measured 
accurately.  
 
3.2.2 Calibration of the INPHAZE Impedance Analyzer 
 
Before a measurement can be conducted, the impedance system has to be 
calibrated to ensure that the impedance measurement on a particular sample 
reaches the highest possible level of accuracy. This calibration is done by several 
steps of which the goal is to extract the right values for the calibration circuit 
elements attached to the amplifier board in configuration shown in Figure 3.4; so that, 
the impedance response of the calibration circuit mimic the impedance response of 
the measured sample as close as possible. As illustrated in Figure 3.4, //R and –R 
are resistors while //C is a capacitor. -R is located in series with the parallel 
connected //R and //C.  
 
The calibration steps of the impedance analyzer are as follows:  
• Step 1: Install 1kOhm as //R, leave //C uninstalled and short –R, then do 
measurement at 1 Hz. 
• Step 2: Install //R with a value closest to the returned Z value, and install 1uF 
for //C and 1kOhm for –R, then do measurement at 1 MHz.  
• Step 3: Leave //R and //C the same, and install --R with a value closest to the 
returned Z value and then do measurement at 1 kHz. 
• Step 4: The returned C value will be the suggested value to use for //C. Along 





Figure 3.4 Arrangement of standard elements in the amplifier board. 
 
3.3 Adapting the INPHAZE for Measurement of 
Semiconductor Samples 
3.3.1 Connection to Probe-station and Avoiding of Ground 
Loop Noise 
 
Since most semiconductor samples are not fabricated with wires or plugs for 
connection to the impedance analyzer, the INPHAZE’s amplifier is connected to a 
probe-station. This probe station was designed and built during this master project 
and consists of a temperature-controlled (from room temperature to 200 ◦C) 
substrate holder and four micro-probes (see Figure 3.5).  The substrate holder and 
the four probes are enclosed in a grounded Faraday cage to minimize 
electromagnetic interference, as shown in Figure 3.5. The schematic of the 
connection between the impedance spectrometer and the probe-station is shown in 
Figure 3.5. The four terminals of the probe-station’s wire (V+, V-, I+, I-) are 
connected to the four terminal (V+, V-, I+ and I-) of the INPHAZE’s amplifier. In 
addition, the ground of the probe station should be identical to the ground of the 
INPHAZE impedance analyzer. The purpose of connecting both grounds together is 
to avoid interference effects in the response signal from the sample due to different 
electrical potential between two grounds, which is called ground loop noise [24], and 
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thereby created an unintended current path between the two grounds. As shown in 
Fig. 3.4, ground loop noise can significantly decrease the accuracy and validity of 
impedance measurements. Since the ground point of the impedance analyzer is on 
the neutral power cord, the avoidance of the ground-loop noise is conducted by 
connecting the ground of the probe-station to the same electrical socket in which the 
impedance analyzer is connected to.  
 
 
Figure 3.5 Upper left: photo of the sample holder and four micro-probes. Upper right: 
photo of probe-station’s shield and temperature controller. Lower left: the schematic 
connection diagram between impedance analyzer and probe-station. Lower right: the 
blue lines on the top figure refer to sample’s response signal before proper grounding 
(with ground-loop noise); the blue lines on the bottom figure refer to sample’s 
response signal after proper grounding.  
 
 
3.3.2 Stray Impedance at High Frequencies 
 
Stray impedance is additional impedance caused by cross-talk (electromagnetic 
interference effect) between cables, which is especially relevant for high frequency 
signals.[25] Stray impedance reduces the accuracy of the impedance measurement 
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at high frequencies. In order to determine the upper limit of frequency region in which 
the capacitance and conductance of the sample can still be determined accurately an 
experiment was conducted where a 1 kOhm resistor in parallel with 100 nF capacitor 
was measured both directly connected to the impedance analyzer as well as 
connected via the probe-station. It can be concluded from the measurement data 
shown in Figure 3.6, that the additional stray impedance effect of the probe-station 
affects the impedance measurements at high frequencies. Hence care should be 
taken in interpreting the results at high frequencies (in this case frequencies > 80 
kHz) obtained by using the probe station. 
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Figure 3.6 Capacitance and conductance spectrum of 1 kOhm resistor in parallel 
with 100 nF resistor measured by INPHAZE impedance analyzer with and without 





3.4 Performance Characterization of INPHAZE for 
Impedance Measurement of Semiconductor Samples 
3.4.1. Experimental Evidence of Precision Loss in 
Semiconductor-like Standard Samples’ Low 
Frequency Capacitance  
 
As has been theoretically described in Chapter 1, large fluctuation in capacitance at 
low frequency is predicted for semiconductor materials which does not contain any 
low frequency polarizing element since the impedance phase angle of 
semiconductors decreases to nearly zero when the frequency of measurement is 
very small. This hypothesis was tested by measuring three different types of standard 
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Figure 3.7 Capacitance, conductance, phase angle, and, magnitude of impedance of 
100 nF, 1 kOhm // 100 nF, 100 Ohm // 100 nF, and, (1 kOhm // 100 nF) in parallel 
with (10 kOhm // 1 F) standard sample. Dot indicates median, error bar indicates 
maximum and minimum value from 7 measurements. Note that the 1 F capacitor is 





samples, where each type of standard sample has a unique phase angle 
characteristic. The standard samples are: (i) pure capacitors (100 nF), (ii) parallel 
connected capacitor and resistor (1 kOhm // 100 nF, and, 100 Ohm // 100 nF), which 
represent semiconductor materials, and (iii) parallel connected capacitor and resistor 
which are further connected in series with a very large time constant parallel 
connected resistor and capacitor (1 kOhm // 100 nF  in series with 1 F // 10 kOhm). 
This particular circuit represents a semiconductor material which contains a low 
frequency polarizing element. The measurement results are shown in Figure 3.7. 
Note that the 1 F capacitor is not a proper standard capacitor. It contains significant 
magnitude of series resistance which affects the high frequency conductance and 
phase angle spectra of the circuit containing this capacitor.   
 
It can be observed from phase angle and capacitance plot in Figure 3.7 that: (i) No 
appreciable capacitance error at low frequency is observed for the pure capacitor 
standard sample with magnitude of 100 nF. This is because the sample has large 
magnitude of phase angle at frequency of 1 Hz and below, which is around - 90 
degrees. (ii) Unacceptable high errors are observed in the low frequency capacitance 
data of the 1 kOhm // 100 nF sample and the 100 Ohm // 100 nF sample. This is 
because the both samples’ phase angle decrease as the frequency of measurement 
is lowered to its low frequency limit, which is zero.  (iii) No appreciable capacitance 
error at low frequency is observed in the circuit of 1 kOhm // 100 nF in series with a 
very large time constant element, 1 F // 10 kOhm. This is due to the large time 
constant circuit element (1 F // 10 kOhm) start active at low frequency and bring the 
circuit’s phase angle of impedance to be much larger relative to the standard 




3.4.2 Influence of the Applied AC amplitude on the Response 
Signal-to-Noise Ratio of Semiconductor-like Standard 
Samples 
 
In impedance measurements of semiconductor diodes, the non-linear relationship 
between the junction’s current and voltage implies that the voltage applied to the 
system ideally should be as low as possible to ensure the linearity of the samples’ 
sinusoidal response signal. On the other hand, if the input signal is decreased to a 
very low level, the noise level of the response signal may increases significantly. In 
order to illustrate this effect, a parallel connected 1 kOhm standard resistor and 1 µF 
standard capacitor was measured at two AC amplitudes, 10 mV and 30 mV. The two 
sample’s response signals are shown in Figure 3.8. It can be observed from this 
figure that the signal-to-noise level of the response signal increases significantly  
 
Amplitude 
=  10 mV
Amplitude 
=  30 mV
 
Figure 3.8 Snapshot of the sinusoidal waveform from measurement of 1kOhm // 1 
micro F standard sample at 30 mV and 10 mV. 
 
when the input AC amplitude is decreased from 30 mV to 10 mV. The consequences 
of this signal-to-noise level increase to the measurement precision of semiconductor 
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samples’ phase angle and to the measurement precision of semiconductor samples’ 
low frequency capacitance are presented in the next section. 
 
3.4.3 Influence of Phase Angle Measurement Error and 
Theoretical Phase Angles on the Precision of 
Semiconductors-like Standard Samples Capacitance at 
Low Frequency  
 
As has been theoretically described in Chapter 1, large fluctuation in capacitance of 
semiconductors is predicted at low frequency when the true value of phase angle of 
the sample becomes comparable to the semiconductor samples’ phase angle 
measurement error. In order to validate this theory, impedance measurements were 
conducted on two different semiconductor-like standard circuits, which represent two 
different semiconductor materials, at 10 mV and 30 mV AC amplitudes by INPHAZE 
impedance analyzer. The two circuits are: (i) 1k Ohm standard resistor in parallel with 
1 µF standard capacitor, and, (ii) 100 Ohm standard resistor in parallel with 1 µF 
standard capacitor. The phase angles, the capacitances, the standard deviation (SD) 
of phase angle, and SD of phase divided by the theoretical phase angle of 1kOhm // 
1 µF and 100 ohm // 1 µF sample are shown in Figure 3.9.  
 
Two semiconductor-like standard circuits of similar capacitance but different 
resistance were chosen for the validation of theory because: (i) At similar impedance 
measurement frequency, the phase angle of impedance of the larger resistance’s 
circuit (1 µF // 1kOhm) is around ten times larger than the smaller resistance’s circuit 
(1 µF // 100 Ohm). (ii) As described in Chapter 1, the magnitudes of impedance of 
semiconductor-like samples in low frequency region are approximately equal to their 
resistance values. Since the attenuation of the input signal of the larger resistance 
circuit (1 µF // 1kOhm) is ten times larger than the smaller resistance’s circuit (1 µF // 
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100 Ohm), it is expected that the phase angle measurement error is larger for this 
sample.  In addition, experiment was also conducted for each circuit in two different 
AC amplitudes. As described in the previous section, this is because the samples’ 
response signal-to-noise ratios are found to be influenced by the amplitude level of 
the applied AC voltage.  
 
It can be concluded from the impedance measurements which are shown in Figure 
3.9 that the phase angle SD slightly increases with the decrease in the applied AC 
amplitude. For example, it can be observed from the Figure 3.8 that amplitude 
decrease of AC voltage from 30 mV to 10 mV increase phase angle SD of 1 kOhm 
//1 F circuit at frequency of 0.1 Hz from 5 milli degree to 10 milli degree. The 
enlargement of phase angle standard deviation observed in the semiconductor-like 
sample measured at smaller AC voltage is in accordance to the snapshot of the 
sinusoidal waveform shown in Figure 3.8. It is attributed from the deterioration in the 
quality of the sample’s response signal with decreasing amplitude of input AC signal.  
 
It also can be concluded from Figure 3.9 that the phase angle SD of semiconductor-
like standard sample is larger for the samples with larger resistance. For example, 
the phase angle SD of 1 kOhm // 1 µF circuit at frequency of 0.1 Hz measured by 
applied AC amplitude of 30 mV, which is 5 milli degree, is 3 milli degrees larger 
compared to the phase angle standard deviation of 100 Ohm // 1 µF standard circuit 
measured at similar frequency and AC amplitude, which is 2 milli degree. In 
agreement with the hypothesis described earlier in this section, the positive 
correlation between the semiconductor-like standard samples’ resistances and their 
phase angle SDs indicates that the signal-to-noise ratio of the response signal is 
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Figure 3.9 Phase angle, Capacitance, Standard Deviation (SD) of Phase Angle, and 
SD of Phase/ theoretical Phase angle of 1kOhm // 1 µF and 100 ohm // 1 µF. The 
vertical line points to the frequency at which scattering of capacitance start to occur. 
 
Finally, it can be concluded from all of the four data sets in Figure 3.9 that the large 
uncertainty in the semiconductor-like samples’ capacitance are not solely governed 
by the magnitude of the semiconductor samples’ phase angle measurement errors. It 
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can be deduced from this figure that even though SD of phase angle is larger for the 
circuit with larger resistance (1 µF // 1kOhm), the unacceptably large capacitance 
error for this circuit starts at higher frequency compared to circuit with smaller 
resistance (1 µF // 100Ohm). For example, at 30 mV AC amplitude, the unacceptably 
large capacitance error starts to occur at 0.1 Hz for 1 kOhm // 1 µF sample, and, at 
0.6 Hz for 100 Ohm // 1 µF sample. Since similar conclusion also holds from the 
measurements at 10 mV AC amplitude, it can be concluded from the experimental 
data that the large scatterings start to occur at a low frequency where the true value 
of phase angle of the samples is not much smaller than the SD of the measured 
phase angle. Indeed, in all of the four data sets, a correlation is found between the 
frequency in which the capacitance starts fluctuating and the frequency where the SD 
of the measured phase angle divided by the median of the measured phase angle 
approximately equal to 0.1. This frequency is marked by vertical lines in the Figure 
3.9.  
3.4.4 INPHAZE’s Low Frequency Capacitance Precision in 
Comparison with another Impedance Spectrometer  
 
As discussed in the last section, the lower bound of frequency at which capacitance 
data of a semiconductor material is still able to be precisely determined is 
proportionally dependent on the sample’s phase angle SD. In order to compare the 
lower-frequency limit of capacitance precision between INPHAZE impedance 
analyzer and an ordinary impedance analyzer, the low frequency phase angle and 
capacitance of a parallel connected 100 Ohm standard sample and 100 nF standard 
sample was measured by both INPHAZE impedance analyzer and VMP2 impedance 
analyzer. The capacitance and phase angle plot obtained from the both 
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Figure 3.10 Capacitance and Phase angle measurement of 100 Ohm // 100 nF 
standard sample. Median and error bar (standard deviation of data) is taken from 5 
measurements. The vertical line points to the frequency at which scattering of 
capacitance start to occur. 
 
The comparison between the two phase angle data sets and the theoretical phase 
angle of the circuit which is presented in Figure 3.10 indicates that INPHAZE 
impedance analyzer has better phase angle precision at frequency lower than 1 Hz 
compared to the VMP2 impedance analyzer. As a consequence, it can be concluded 
that the circuit’s capacitance can be precisely resolve at ten times lower frequencies 
by INPHAZE impedance analyzer compared to the VMP2 impedance analyzer (0.9 
Hz vs 9 Hz).  
3.5 Conclusion 
 
In this chapter, the INPHAZE impedance analyzer was successfully adapted and 
tested for impedance measurements of standard semiconductor samples. The upper-
frequency limit for accurate capacitance measurements of the system is around 80 
kHz. At higher frequency, the accuracy of the adapted system is sharply decreased 
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due to stray impedance effect. The phase angle standard deviation of a parallel 
connected standard resistor and standard capacitor measured by the INPHAZE 
impedance analyzer slightly depend on the sample’s measurement frequency, on the 
resistance of the measured sample, and, on the applied AC voltage amplitude to the 
sample. The phase angle standard deviation of INPHAZE impedance analyzer in 
connection with a probe-station is around 2 mili degrees tested by a standard circuit 
which consists of parallel connected 100 Ohm standard resistor and 1 µF standard 
capacitor at measurement frequency of 0.1 Hz and AC amplitude of 30 mV.  As a 
consequence of this small phase angle standard deviation, the capacitance of 
standard semiconductor samples can be determined at ten times lower frequencies 
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4. Case Studies: Impedance Measurements on 
a-Si:H and µc-Si:H p-i-n Solar Cell Diodes  
 
4.1 Introduction  
 
Hydrogenated amorphous silicon and microcrystalline silicon p-i-n diode, in which 
hydrogenated means that the materials contain a considerable concentration of 
hydrogen atoms, are often used for thin film solar cells. In contrast to the atomic 
structure of crystalline silicon, where each silicon atom is bonded with four 
neighboring silicon atoms forming a diamond lattice arrangement, as shown in Fig. 
4.1, the atomic structure of both amorphous silicon and microcrystalline silicon 
contains certain degree of randomness. These results in the modification of their 
properties compared to crystalline silicon. In this Chapter, we will employ the 
impedance measurements on hydrogenated amorphous silicon and hydrogenated 
microcrystalline silicon (a-Si:H and µc-Si:H) p-i-n junction solar cells as case studies. 
The standard deviations of low frequency phase angle, the Nyquist plot, the 
resistance, and the conductance of a-Si:H and µc-Si:H p-i-n solar cell diodes 
extracted from impedance measurements by INPHAZE impedance analyzer are 
presented and analyzed to identify applications of this state-of-the-art impedance 
spectrometer for characterization of p-i-n diodes. 
 
4.2 Comparison of the Atomic Arrangement and Physical 
Properties of a-Si:H and µc-Si:H 
 
The atomic arrangement and properties of a-Si:H and µc-Si:H are differentiated by 
their degree of crystallinity. The structure of a-Si:H is purely amorphous, it consists of 
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continuous random network where long range order does not exist. In contrast to 
atomic arrangement of a-Si:H, where its microstructure is purely amorphous, the 
microstructure of µc-Si:H consists of nano-size crystal grains embedded in 
amorphous tissue. As a result, µc-Si:H has higher degree of crystallinity compared to 
a-Si:H. In addition, both a-Si:H and µc-Si:H contain considerable concentration of 
unpassivated silicon dangling bonds. As illustrated in Figure 4.1, unpassivated silicon 
dangling bonds are silicon atoms which have less than four chemical bonds. The 
primary role of hydrogen introduction to a-Si:H and µc-Si:H is to minimize the 
concentration of silicon dangling bond in those materials by promoting chemical 




Figure 4.1 Upper left: schematic of crystal structure of crystalline silicon. Upper right: 
schematic of atomic structure of amorphous silicon, some silicon dangling bonds are 
passivated by hydrogen, and some are left unpassivated. Bottom: effective density of 




The difference in degree of crystallinity between a-Si:H and µc-Si:H implies distinct 
properties between a-Si:H and µc-Si:H. The characteristic properties of a-Si:H are its 
larger bandgap, lower conductivity, and lower dielectric constant compared to 
crystalline silicon. In comparison, since the microstructure of µc-Si:H contains 
portions of crystalline silicon, the properties of µc-Si-H can be considered as related 
to the properties of crystalline silicon. In contrast to a-Si:H, whose bandgap is direct, 
µc-Si:H, like crystalline silicon, has an indirect bandgap. As a result, the material has 
lower band-to-band absorption coefficient compared to a-Si:H. Comparisons of the 
key properties (atomic density, band gap, conductivity, dielectric constant, and 
dangling bond density) of these three forms of silicon are presented in Table 4.1.  
 
Table 4.1 Comparison of the key properties (atomic density, band gap, conductivity, 
dielectric constant, and dangling bond density) of c-Si, a-Si:H, and, µc-Si:H 
 c-Si[26] a-Si[27] µc-Si 
Atomic density 5.02 x 1022 cm-3 ≈ 75 – 95 % of c-
Si[28] 
≈ 5.02 x 1022 cm-3 
Refractive index 
at photon energy 
of 0.4 eV 
3.45 3.4 [29] ≈ 3.45[30] 
 Conductivity 10-3 Ohm-1 cm-1 10-10 Ohm-1 cm-1 10-7 Ohm-1 cm-1[31] 
Electronic band 
gap 
1.12 eV (indirect) 1.7 -1.8 eV 
(direct) 
1.1 eV (indirect) [32] 
Dangling bond 
density  









In addition to the different key properties described in previous paragraph, there is 
also variation in effective density of states of a-Si:H and µc-Si:H compared to the 
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effective density of states of crystalline silicon. In contrast to the effective density of 
states of crystalline silicon, which only consists of a valence and a conduction band, 
the effective density of states of a-Si:H and µc-Si:H also contain [34]: (i) valence and 
conduction band tail states, which are due to lack of translational symmetry of the 
amorphous structure, and, (ii) mid-gap states, which are due to the existence of 
considerable concentrations of silicon dangling bonds. The midgap states are 
marked with ED+/0 and ED0/- in Figure 4.1. The valence tail states and conduction tail 
states serve as trapping centers where electrons and holes undergo process of 
frequent trapping and de-trapping while they migrate to other side of the diode under 
applied external bias [35, 36]. On the other hand, the midgap states serve as 
effective recombination centers for electrons and holes. Thus the existence of 
considerable amount of midgap states reduces charge carrier collection efficiency of 
the materials if they are employed as a solar cell.  
4.3 Description of the Samples and Measurement 
Procedures 
 
The samples used in these experiments are a-Si:H and µc-Si:H solar cell samples 
which were fabricated by the Institute of Micro-Technology (IMT) at the University of 
Neuchatel in Switzerland. As schematically depicted in Fig. 4.2 these solar cells are 
so-called p-i-n diodes, which consist of thin layers of p, intrinsic, and, n, sandwiched 
between two transparent conductive oxide (TCO) layers. In addition, for the a-Si:H p-
i-n diodes, there is also buffer layer between the p layer and intrinsic layer made from 
amorphous silicon carbide (a-SiC) which bandgap is slightly larger than the bandgap 
of a-Si:H. The purpose of adding this layer is to assist in blocking the electrons from 
the intrinsic layer of the a-Si:H p-i-n diodes from coming to the p layer and recombine 
with the holes, which are the majority mobile charge carriers there [37]. The photos of 
the solar cell diodes are shown in Figure 4.3 (left) for a-Si:H solar cells and in Figure 
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4.3 (right) for µc-Si:H solar cells. There are 6 solar cells grown on one substrate for 
a-Si:H p-i-n diode, and, 15 solar cells for µc-Si:H p-i-n diode. Key properties of the 
cells are summarized in Table 4.2. 
 
 The measurements were taken on cell no. 1, 2, 5, and, 6 for a-Si:H solar cell, and 
cell no. 3, 4, 5, 7, and, 9 for µc-Si:H solar cell. The electrode contacting for 
impedance measurement was done by contacting the V+ and I+ probes to the bottom 
TCO layer, and, by contacting the V- and I- probes, to the top TCO layer. Before 
impedance measurements were conducted, DC current–voltage measurements of 




(a)                                                              (b) 
Figure 4.2 (a) Schematic of the structure of a-Si:H and µc-Si:H thin film solar cells 
diode. (b) Schematic of the structure of µc-Si:H thin film solar cells diode. 
 
 




Table 4.2 Key properties of a-Si:H and µc-Si:H samples used in this thesis. 
 
Solar cells properties a-Si:H µc-Si:H 
Sample dimensions 1.5 cm x 0.85 cm 0.5 cm x 0.5 cm 
Sample area 1.275 cm2 0.25 cm2 
Efficiency 10.6 – 11.1% 6.95 – 7.3 % 
 
 
4.4 Current – Voltage Measurement of a-Si:H and µc-Si:H 
p-i-n Diode  
 
The dark current–voltage of the a-Si:H and µc-Si:H p-i-n diodes are shown in Figure 
4.4. Measurements were conducted by using Keithley 2636A current–voltage 
analyzer from DC voltage of -0.5 V to +0.8 V for a-Si:H p-i-n diodes and from -0.5 V 
to +0.5 V for µc-Si:H p-i-n diodes. It can be observed from Figure 4.4 that the current 
- voltage curves of a-Si:H and µc-Si:H p-i-n diodes clearly shows I-V characteristics 
of a diode. Moreover, it can be observed from this figure that the turn-on voltage for 
µc-Si:H p-i-n diodes is around 0.3 V, and the turn-on voltage for a-Si:H p-i-n diodes is 
around 0.7 V. The larger turn-on voltage of a-Si:H p-i-n diodes compared to µc-Si:H 
p-i-n diodes is expected since the bandgap of a-Si:H is larger compared to µc-Si:H 
material [38]. The turn-on voltage of a-Si:H p-i-n diodes obtained from this 
measurement, which is around 0.7 V, is in agreement with the previously reported 
turn-on voltage for commercial a-Si:H p-i-n diodes with intrinsic layer thickness of 250 




















































































Figure 4.4 Left: the measured dark current-voltage of µc-Si:H p-i-n diodes. Right: the 
measured dark current-voltage of a-Si:H p-i-n diodes. 
 
The semi-logarithmic current–voltage plots of the both diodes at forward bias above 
+0.2 V are also shown in Figure 4.4. It can be deduced from the graph that the semi-
logarithmic current–voltage plots of µc-Si:H p-i-n diodes consists of three regions of 
different gradients. It consists of a region with smaller gradient at low forward bias, a 
region with larger gradient at voltages around the turn-on voltage of the diode, and 
followed by a region with smaller gradient at voltages around the turn-on voltage of 
the diode. On the other hand, the semi-logarithmic current–voltage plots of a-Si:H p-i-
n diodes only consists of two regions of different gradients, a region with smaller 
gradient at low forward bias followed by a region with larger gradient at voltages 
around the turn-on voltage of the diode. The above experimental data are in 
agreement with the literature of p-n junction presented in [4], which states that the 
semi-logarithmic current–voltage of diode can be divided into three regions, which 
are: depletion-region recombination region, ideal diode region, and high injection 
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region.  The region of ideal diode is situated at around the turn-on voltage of the 
diode, and has line gradient equal to one. On the other hand, the depletion-region 
recombination region and the high injection region of the diode have gradients which 
are larger than one and situated at voltages which are much smaller and are much 
larger than the turn-on voltage of the diode respectively. Note that the non-
observance of high injection regions in our experimental curves for a-Si:H p-i-n 
diodes are due to limitation in our experimental setup that prevent accurate 
measurement to be conducted at voltage larger than 0.8 V.  
 
The shunt resistance of the diodes can be calculated from current-voltage technique 
at forward DC bias below the turn-on voltage of the diodes is the representation of 
shunt resistance of p-i-n diodes [39, 40]. It can be calculated from the plot at forward 
bias of 0.2 V that the range of shunt resistances of the µc-Si:H p-i-n diodes vary from 
2.5 k – 5.5 k Ohm.cm2. Also, it can be calculated that the range of shunt resistance of 
a-Si:H p-i-n diodes at forward DC bias of 0.15 V vary from 2 k – 6.6 k Ohm.cm2.  
4.5 Low Frequency Impedance Measurement of a-Si:H 
and µc-SiH p-i-n Diodes 
 
The measured capacitance data of a-Si:H and µc-S:H p-i-n diode at frequency lower 
than 10 Hz is potentially useful for characterization of a-Si:H and µc-S:H materials 
and devices due to several possible factors. First, a-Si:H and µc-S:H contain a 
significant concentration of low mobility charge carriers, which only respond to very 
low AC frequencies, such as: silicon dangling bonds and free atomic hydrogen. It has 
been reported in the literature that charged dangling bond with concentration of 1015 - 
1016 cm-3  exist in a-Si:H [14]. Also, free atomic hydrogen with concentration of around 
10 – 20 % of atomic density of a-Si:H [17] diffuses in a-Si:H as charged species [18] 
with a diffusivity of 10-7 cm2 s-1, which is significantly lower than diffusivity of holes in 
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intrinsic a-Si:H, which is around 0.1 cm2 s-1 [14]. Secondly, due to the exponential 
dependence between the defect energy level’s depth and the electron and hole’s de-
trapping time, it is possible for electron and hole which are trapped in mid-gap states 
to thermalize and contribute to the devices’ capacitance at low frequencies provided 
that these mid-gap states acts as effective trapping centers. 
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Figure 4.5 Top: Minimum, maximum, and, median of (top) capacitance and 
conductance of a-Si:H and µc-Si:H p-i-n junction solar cells obtained from 7 
consecutive measurements. Bottom: phase angle of µc-Si:H (left) and a-Si:H (right) 
solar cell samples obtained from 7 consecutive measurements. 
 
The typical capacitance, conductance, and phase angle of a-Si:H and µc-S:H p-i-n 
solar cell diode, measured with a AC amplitude of 30 mV and at temperature of 300 
K are displayed in top of Figure 4.5. The measurements were conducted from 4 x   
10-3 Hz to 100 kHz, which is the approximate upper-bound accuracy limit of the 
impedance measurement system. The red markers and error bars in bottom of 
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Figure 4.5 represents median, minimum, and, maximum point of the measured phase 
angle data. 
 
It can be observed from Figure 4.5 that the measured capacitance data shows large 
uncertainty at frequencies below 5 Hz for the a-Si:H p-i-n diodes and at frequencies 
below 1 Hz for µc-Si:H s p-i-n diodes. As a consequence, the low frequency 
capacitance of both semiconductor samples is difficult to interpret. In agreement with 
the theory presented in Chapter 1 and experimental results on standard samples in 
Chapter 3, it can be observed from Figure 4.5 that these unacceptably large 
uncertainties occur at frequencies where the magnitude of the sample’s phase angle 
is comparable to the magnitude of the sample’s phase angle standard deviation. 
Since successful extraction of semiconductors’ capacitance data in the low frequency 
range partly depends on the standard deviation of phase angle measurement on the 
samples, the magnitude of phase angle standard deviations of both type of p-i-n 
diodes are compared to the magnitude of phase angle standard deviation of a 
parallel parallel connected 1 kOhm standard resistor and 1 µF standard capacitor 
measured at similar condition in Figure 4.6. 
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Figure 4.6 Phase angle standard deviation of a-Si:H and µc-Si:H solar cells, and, 1 




The comparison of phase angle standard deviation presented in Figure 4.6 indicates 
that the phase angle standard deviation of a-Si:H p-i-n diodes and µc-Si:H p-i-n 
diodes are larger than phase angle standard deviation of the parallel connected 1 
kOhm standard resistor and 1 µF standard capacitor. It has been shown in Chapter 3 
that the phase angle standard deviation of standard samples measured by INPHAZE 
is slightly larger for samples with larger resistances because the samples with larger 
resistances attenuate the signal more compared to the samples with smaller 
resistances. However, in spite of the fact that the resistance of a-Si:H p-i-n diodes is 
larger than µc-Si:H p-i-n diodes, the data in Figure 4.6 indicates that the phase angle 
standard deviation of a-Si:H p-i-n diodes is significantly larger compared to the phase 
angle standard deviation of µc-Si:H p-i-n diodes.  
 
The larger phase angle standard deviations in the a-Si:H p-i-n diode indicates that 
the fluctuation in the numbers and arrangements of charge carriers during the 
measurement are larger for the case of a-Si:H p-i-n diode compared for the case of 
µc-Si:H p-i-n diode. The main contribution of this fluctuation are suggested coming 
from the electron-hole recombination activity [41] and from the recombination activity 
of charged atomic hydrogen in the materials [42]. As a consequence, the 
experimental data suggests that the recombination activities in a-Si:H p-i-n diode is 
greater than in µc-Si:H p-i-n diode. This hypothetical condition is very plausible since 
a-Si:H material, which is purely amorphous, has higher chance to contain larger 
concentration of silicon dangling bonds and larger concentration of mobile hydrogen 




4.6 Characterization of a-Si:H and µc-SiH p-i-n Diodes: 
Equivalent Circuit Analysis 
 
4.6.1 The Construction of the Equivalent Circuit Models  
 
The impedance measurement of µc-Si:H and a-Si:H p-i-n diodes was conducted at a 
forward DC bias of 50 mV, AC amplitude of 30 mV, and, and at temperature in the 
range from 300 K to 330 K. The measurement frequency range was from 10 Hz to 
100 kHz. 100 kHz is chosen because it represents the approximate upper-bound of 
accuracy limit of the measurement system. The measured and fitted Nyquist plots of 
the both cells are shown in Figure 4.7. In addition, the measured and fitted 
capacitance and conductance of µc-Si:H and a-Si:H p-i-n diode are shown in Figure 
4.8 and Figure 4.9 respectively. The equivalent circuit models for the µc-Si:H sample  
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Figure 4.7 Left: Experimental Nyquist plot of µc-Si:H p-i-n diode sample at 300 – 330 
K (dots) and its equivalent circuit fitting curves (line).  Right: Experimental Nyquist 
plot of a-Si:H p-i-n diode sample at 300 – 330 K (dots) and its equivalent circuit fitting 
curves (line). 
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Figure 4.8 Experimental data of capacitance and 
conductance of µc-Si:H  p-i-n diode at 300 – 330 K (dots) 




Figure 4.9 Experimental data of capacitance and 
conductance of a-Si:H p-i-n diode at 300 – 330 K (dots) 
and their equivalent circuit fitting curves (line)
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Figure 4.10 The equivalent circuit representation of µc-Si:H (left) and a-Si:H (right) p-
i-n diode sample which is used to model the measured impedance data. 
 
and for the a-Si:H sample, which were utilized for fitting the respective measured 
impedance data, are shown in Figure 4.10.   
 
The equivalent circuit models for a-Si:H and µc-Si:H p-i-n diode were chosen based 
on their Nyquist plots as well as based on their capacitance and conductance plots. 
The basic semicircle properties of Nyquist plot is described in Chapter 1. It can be 
observed in the left hand side of Figure 4.7 that the experimental Nyquist plot of µc-
Si:H diode consists of two semicircles; a dominant semicircle, which is located in the 
low frequency region, and, a non-protruding smaller semicircle, which is located in 
the higher frequency region. In addition, there is a region close to the - Im (Z) axis 
where the semicircle appears to cross the x-axis if measurement data at higher 
frequencies are available. In contrast to the Nyquist plot of µc-Si:H, the Nyquist plot 
of a-Si:H diode, which is shown in the right hand side of Figure 4.7, shows the only 
existence of one semicircle and a region close to the - Im (Z) axis where the 
semicircle appears to cross the x-axis if measurement data at higher frequencies are 
available. In addition to the differences in their characteristics of Nyquist plots, there 
is also a difference between the characteristics of capacitance spectrum of µc-Si:H 
diode, which is shown in Figure 4.8, and, the characteristics of capacitance spectrum 
of a-Si:H diode, which is shown in Figure 4.9. The capacitance of a-Si:H diode below 
1 kHz almost does not show frequency dependent behavior; In contrast, the 




Based on their characteristics of Nyquist plots and based on their characteristics of 
capacitance plots, the equivalent circuit models of µc-Si:H and a-Si:H p-i-n diodes 
were constructed and are shown in Figure 4.10. The equivalent circuit of µc-Si:H 
solar cell sample consists of two parallel connected resistors and capacitors in series 
(R1 // CPE1 + R2 // C2). On the other hand, the equivalent circuit of a-Si:H solar cell 
sample consists of one parallel connected resistor and capacitor in series with a 
resistor (R1 // C1 + R3). A constant phase element (CPE1), whose properties are 
discussed in Chapter 1, was chosen for the equivalent circuit model of µc-Si:H to 
model the frequency dispersion of µc-Si:H diode’s capacitance below 5 kHz. It can be 
observed from Figure 4.7 – 4.9 that the experimental data for the both samples can 
be fitted reasonably well with the proposed equivalent circuit. This implies suitability 
of the chosen equivalent circuit models. 
 
In order to strengthen the argument that the addition of R1 // CPE1 sub-circuit is 
necessary to accurately model the impedance spectra of µc-Si:H sample, the best-fit 
Nyquist plot and the best-fit capacitance – frequency plot obtained by utilizing an 
equivalent circuit consisting only of R2 // C2 + R3 elements are plotted together with 
the experimental plots of the sample measured at 300 K in Figure 4.11. It can be 
observed from the plots that the best fitting curve obtained by using the equivalent 
circuit which consist of only R2 // C2 + R3 fails to accurately fit the lower frequency 
part of the experimental Nyquist plot and the capacitance-frequency plot of µc-Si:H p-
i-n diode. The addition of R1 // CPE1 sub-circuit element ensures that the Nyquist 
plot of the equivalent circuit model accurately fits the µc-Si:H p-i-n diode in all 
frequencies within the measurement range.  
Since the intrinsic layer of µc-Si:H p-i-n diode is much thicker compared to the 
intrinsic layer of a-Si:H p-i-n diode (1000 nm vs 250 nm), the origin of this extra time 
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Figure 4.11 Top: Experimental Nyquist plot of µc-Si:H p-i-n diode sample at 300 K 
(dots) and its best-fit one time constant fitting curves (line).  Bottom: Experimental 
Nyquist plot of a-Si:H p-i-n diode sample at 300 K (dots) and its best-fit one time 
constant fitting curves (line). 
 
constant can be traced back from the existence of a nearly electric field-free region 
exists in the middle of intrinsic layer of µc-Si:H p-i-n diode which has been discussed 
in Chapter 1. The dynamics of mobile charge carriers in the neutral region of the 
intrinsic layer of µc-Si:H p-i-n diode manifests as a significant independent time 
constant, which is larger than the time constant which represents dynamics of mobile 
charge carriers in the depletion region of the diode. The presence of this additional 
dynamics also can be observed from the capacitance – frequency plot of the 
samples. The capacitance of µc-Si:H diode below 1 kHz increases linearly with 
decreasing frequency and manifests as a clear independent semicircle in its Nyquist 
plot. This obvious observation of frequency dependent capacitance indicate that the 
diffusion capacitance in µc-Si:H p-i-n diode is very dominant. This particular behavior 
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of capacitance, along with the observation of an independent semicircle in the 
Nyquist plot of this long diode, suggests that a nearly electric field-free region exists 
in the intrinsic layer of this long diode. 
  
In contrast, the low frequency capacitance of of a-Si:H p-i-n diode almost does not 
show frequency dependent behavior and the low frequency Nyquist plot of this short 
diode does not show an independent semicircle. These experimental findings 
indicate that the diffusion capacitance in this diode is far less dominant compared to 
in the µc-Si:H p-i-n diode and suggest that the intrinsic layer of this short diode is fully 
depleted. 
 
4.6.2 Impedance Spectrum Analysis of a-Si:H and µc-Si:H p-i-n 
Diode  
 
The extracted resistance and capacitance obtained from computer-based fitting are 
tabulated in Table 4.3 for the µc-Si:H p-i-n diode and in Table 4.4 for the a-Si:H p-i-n 
diode. From the extracted capacitances and resistances, time constants of each 
capacitance-resistance pair can be calculated. The calculated time constants from 
both samples are tabulated in Table 4.5. Note that since the time constant of CPE // 
R sub-circuit is distributed, the effective time constant defined in [43] is used for this 
thesis. Also, note that the inaccuracy of the extracted resistances and capacitances 
from the computer based fittings are smaller than the least decimal displayed on the 
tables. As a result, for examples, the inaccuracy of the extracted R1 in Table 4.3 is 






Table 4.3 The extracted resistances and capacitances from impedance 

















300 K 3.7 x 103 4.0 x 10-8 0.96 3.1 x 103 3.2 x 10-8 22 
310 K 3.5 x 103 4.6 x 10-8 0.95 2.3 x 103 3.4 x 10-8 21 
320 K 3.3 x 103 5.6 x 10-8 0.94 2.0 x 103 3.7 x 10-8 21 
330 K 3.2 x 103 5.7 x 10-8 0.94 1.8 x 103 4.0 x 10-8 20 
 
Table 4.4 The extracted resistances and capacitances from impedance 
measurements of a-Si:H p-i-n diode samples at 300 K - 330 K. 
Temperature R1 (Ohm.cm2) C1 (F.cm-2) R3 (Ohm.cm2) 
300 K 1.8 x 103 4.0 x 10-8 41 
310 K 1.7 x 103 4.2 x 10-8 38 
320 K 1.5 x 103 4.6 x 10-8 35 
330 K 1.4 x 103 4.7 x 10-8 33 
 
Table 4.5 The extracted time constants of µc-Si:H p-i-n diode samples at 300 K - 330 K. 
µc-Si:H p-i-n diode a-Si:H p-i-n diode 
Temperature 
τ1 = (R1 x CPE1) (1/n) 
(s) 
τ2 = R2 x C2 
(s) 
τ1 = R1 x C1 (s) 
300 K 1.02 x 10-4 9.92 x 10-5 7.20 x 10-5 
310 K 1.02 x 10-4 7.82 x 10-5 7.14 x 10-5 
320 K 1.07 x 10-4 7.40 x 10-5 6.90 x 10-5 
330 K 1.05 x 10-4 7.20 x 10-5 6.58 x 10-5 
 
It can be inferred from Table 4.5 that the impedance spectrum of µc-Si:H p-i-n diode 
consists of two time constants with magnitude of around 1 x 10-4 s and with 
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magnitude of 7.20 x10-5 – 9,92 x 10-5 s respectively. In contrast, the impedance 
spectrum of a-Si:H p-i-n diode consists of only one time constant with magnitude of 
6.58 x 10-4 – 7.20 x 10-5 s. It has been shown in the previous paragraph that the 
inaccuracy of the extracted resistances and capacitances from the computer based 
fittings are smaller than the least decimal displayed on Table 4.5. The inaccuracy of 
the calculated time constant can be determined by using the formula of error 
propagation for multiplication which is formulated as follows [44]: 
( ) ( ) ( )222 YYXXZZ ∆+∆=∆ . By using this formula, it can be determined that the time 
constants listed in the Table 4.5 have inaccuracies which are smaller than ±10 % of 
their respective values.  
 
In this experiment, the intrinsic layer of µc-Si:H p-i-n diode is much thicker compared 
to the intrinsic layer of a-Si:H p-i-n diode (1000 nm vs 250 nm) As a consequence, it 
can be deduced that time constant with magnitude of around 10-4 s found in µc-Si:H 
p-i-n diode which is represented by the CPE1 // R1 sub-circuit, corresponds to the 
region in the intrinsic layer of the diode which is almost neutral. This time constant is 
attributed to the long and highly distributed diffusion relaxation time of electrons and 
holes in the nearly electric field-free intrinsic region of the µc-Si:H p-i-n diode. On the 
other hand, it also can be deduced that the smaller time constant found in the 
impedance spectra of µc-Si:H p-i-n and a-Si:H p-i-n diode correspond to the 
depletion region of the respective diodes.  
 
The series resistance (R3) is included in the equivalent circuit models of both µc-Si:H 
and a-Si:H p-i-n diode in order to accommodate the region in which the semicircle 
appears to cross the x-axis if measurement data at higher frequencies are available. 
Since the conductivity of heavily doped a-Si:H is around six orders of magnitude 
larger than the intrinsic a-Si:H [14], the origin of this series resistance could be from 
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the heavily doped layer of diodes. However, since the upper-bound accuracy of the 
impedance machine is limited to around 100 kHz, further investigation is required to 
proof the hypothesis.  
4.7 Effect of Forward Bias on Capacitance and 
Conductance of a-Si:H and µc-Si:H p-i-n Diode  
 
The typical capacitance and conductance per centimeter square of a-Si:H and µc-
Si:H p-i-n diode on forward bias of 50 mV and 200 mV obtained by impedance 
spectroscopy at frequency range between 10 Hz and 100 kHz are shown in the 
Figure 4.12 for a-Si:H p-i-n diode and in Figure 4.13 for µc-Si:H p-i-n diode.  
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Figure 4.12 Capacitance per Area and Conductance per Area of a-Si:H p-i-n diode at 
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Figure 4.13 Capacitance per Area and Conductance per Area of µc-Si:H p-i-n diode 
at 50 mV and 200 mV DC bias. 
 
It can be observed from Figure 4.12 and 4.13 that the capacitance and conductance 
of µc-Si:H p-i-n diode is much more sensitive to the applied forward DC voltage bias 
compared to the capacitance of a-Si:H p-i-n diode. On the other hand, the 
capacitance and conductance of a-Si:H p-i-n diode are not sensitive to the change of 
applied forward DC bias. This finding strengthen the argument presented in Section 
4.6.2 that the intrinsic layer region of a-Si:H p-i-n diode with intrinsic layer thickness 
of 250 nm is entirely consist of depletion regions with high electric field; but, a nearly 
electric field-free region exists in the intrinsic layer region of µc-Si:H p-i-n diode with 
intrinsic layer thickness of 1000 nm.  
 
The capacitance and conductance spectra of a-Si:H diode is almost identical in both 
50 mV and 200 mV forward DC bias; since, in both forward DC bias the intrinsic layer 
of the diode entirely consists of depletion region. On the other hand, the significant 
increase of the µc-Si:H diode’s capacitance and conductance with the application of 
a larger forward DC bias (200 mV) is mainly attributed from the increases of 
depletion capacitance due to thickness reduction of the diode’s depletion regions. In 
66 
 
addition, at frequency below 1 kHz, the increase of capacitance is also attributed 
from the more significant presence of diffusion capacitance. The reduction of 
depletion region thickness with small increase of forward DC bias has been 
experimentally observed in µc-Si:H p-i-n diode with intrinsic layer thickness of 1000 
nm [6], and, in a-Si:H p-i-n diode with intrinsic layer thickness of 800 nm [5]. 
Moreover, our simulation on a-Si:H p-i-n diode with intrinsic layer thickness of 1000 




In this Chapter, a case study was conducted by using INPHAZE impedance analyzer 
to identify potential applications of this state-of-the-art impedance spectroscopy for 
characterization of hydrogenated amorphous silicon and hydrogenated 
microcrystalline silicon p-i-n junction solar cell diodes. It was found that the phase 
angle standard deviation of a-Si:H p-i-n diode is larger than µc-Si:H p-i-n diodes and 
significantly larger than standard samples, potentially due to higher recombination 
activity of mobile charge carriers in the a-Si:H p-i-n diode. As a result of this 
limitation, the measured capacitance data at frequencies below 5 Hz for the a-Si:H p-
i-n diodes and at frequencies below 1 Hz for µc-Si:H p-i-n diodes show large 
uncertainty and are difficult to interpret. The measured impedance spectrum of a-Si:H 
p-i-n diode in frequency range of 10 Hz – 100 kHz only consists of one time constant. 
This time constant is attributed from the depletion region of the diode. In contrast, in 
the similar frequency region, the impedance spectrum of µc-Si:H p-i-n diode consists 
of two time constants. This extra time constant is very likely correspond to the region 
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5. Conclusions & Recommendation 
5.1  Conclusions 
 
In this research master thesis project, Ithe NPHAZE impedance analyzer was 
successfully adapted and tested for impedance measurements of silicon-based thin-
film diodes. For this purpose, INPHAZE impedance analyzer was connected to a 
probe-station. One example of the applicability of INPHAZE impedance analyzer 
connected to a probe-station is to qualitatively reveal the electric field profile in the 
intrinsic layer of p-i-n diodes. It was shown that the dynamics of mobile charge 
carriers in the almost electric field-free region of the intrinsic layer of p-i-n diode 
manifests as an independent time constant, which is larger than the time constant 
which represents dynamics of mobile charge carriers in the depletion region of the 
diode. As a result, the number of time constants extracted from the impedance 
spectrum of a p-i-n diode qualitatively reveals the electric-field profile in the intrinsic 
layer of the diode. It was found that the measured impedance spectrum of a-Si:H p-i-
n diode with intrinsic layer of 250 nm at frequencies in the range between 10 Hz – 
100 kHz consists of only one time constant. This indicates that the intrinsic layer of 
the diode is fully depleted. In contrast, at similar range of frequency, the impedance 
spectrum of µc-Si:H p-i-n diode with intrinsic layer thickness of 1000 nm consists of 
two time constants. The extra time constant found in impedance spectrum of µc-Si:H 
p-i-n diode corresponds to the region in the intrinsic layer of the diode where the 
electric field is negligibly small.  
 
However, there are fundamental limitations in the applicability of the INPHAZE 
impedance analyzer for measurement of these silicon-based diodes at frequency 
below 1 Hz. The capacitance of a sample can be precisely determined only at 
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frequencies where the standard deviations of the measured phase angles of 
impedance of the samples are significantly smaller than phase angles of impedance 
of the sample. Due to significant noise caused by recombination activities of mobile 
charge carriers, the typical standard deviations of impedance phase angles of µc-
Si:H p-i-n diodes, and especially a-Si:H p-i-n diodes at frequency below 1 Hz  are not 
smaller than the phase angle of impedance of the respective diodes. As a 
consequence, despite the very high phase precision of the INPHAZE impedance 
analyzer, the capacitance of silicon-based thin -ilm semiconductor diodes at 
frequency below 1 Hz is unable to be precisely determined.  
 
5.2   Recommendation 
 
The solar cell characteristics of these a-Si:H and µc-Si:H p-i-n diodes can be studied 
further by measuring these p-i-n diodes under illumination.   
 
  
